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We have used a quadrupole mass spectrometer with a gas-permeable membrane inlet for continuous
measurements of the production of N20 and N2 from nitrate or nitrite by cell suspensions of Paracoccus
denitrificans. The use of nitrate and nitrite labeled with '5N was shown to simplify the interpretation of the
results when these gases were measured. This approach was used to study the effect of pH on the production
of denitrification intermediates from nitrate and nitrite under anoxic conditions. The kinetic patterns observed
were quite different at acidic and alkaline pH values. At pH 5.5, first nitrate was converted to nitrite, then
nitrite was converted to N20, and finally N20 was converted to N2. At pH 8.5, nitrate was converted directly
to N2, and the intermediates accumulated to only low steady-state concentrations. The sequential usage of
nitrate, nitrite, and nitrous oxide observed at pH 5.5 was simulated by using a kinetic model of a branched
electron transport chain in which alternative terminal reductases compete for a common reductant.

Denitrification is the bacterial conversion of nitrate and
nitrite to the gaseous products, N20 and N2. The microorgan-
isms concerned (30) use the nitrogenous oxidants as alterna-
tive terminal acceptors for a branched electron transport
system (25). In natural ecosystems, nitrate is the usual sub-
strate, and it is often converted to N2 without appreciable
accumulation of intermediates (27). However, there are also
reports of nitrous oxide accumulation in the presence of low
oxygen concentrations (27) or in acidic environments (15, 23).
Low pH values were also observed to cause the transient
production of N20 by cell suspensions of Paracoccus denitrifi-
cans in the study of Kucera et al. (19). They observed
appreciable accumulation at pH 6.4 but not at pH 7.4. Accu-
mulation of nitrite as the result of denitrification has also been
observed (3, 4).
A complete picture of the kinetics of denitrification requires

information about the time-dependent changes in concentra-
tion of all the nitrogenous compounds. Mass spectrometry in
combination with an inlet with a gas-permeable membrane
allows continuous measurements of all dissolved gases (10, 11),
making it easy to monitor not only N20 and N2 but also 02 and
CO2 as a measure of the breakdown of organic substrates. This
technique is ideally suited for studies of denitrification (7, 9,
14, 20, 21).
We report here details of the techniques that we have

developed for such studies, particularly the use of substrates
labeled with the stable isotope 15N combined with separate
determinations of nitrate and nitrite, and investigations of
effect of pH on the patterns of intermediate formation during
the reduction of nitrate, nitrite, and nitrous oxide by P.
denitrificans.

MATERUILS AND METHODS
Growth of bacteria. P. denitrificans DSM 413 was obtained

from the Deutsche Sammlung von Mikroorganismen und
Zellkulturen, Braunschweig, Germany.
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All experiments were performed with cells taken directly
from a nitrate-limited continuous culture in the steady state.
The incoming medium contained 25 mM succinic acid, 25 mM
Tris base, 25 mM KOH, 25 mM NaNO3, 5 mM (NH4)2SO4, a
solution (10 ml/liter) containing 10 g of MgCl2 * 6H20 per liter
and 2.5 g of CaCl2 * 2H20 per liter, 2 ml of 1.0 M potassium
phosphate (pH 7.0) per liter, 2 ml of the trace element solution
SL-6 (22) per liter, and a solution (2 ml/liter) containing 100
mM FeCl3 and 200 mM EDTA.
The bioreactor used was similar to that described by Iversen

et al. (12). The temperature was maintained at 30°C. The
culture volume was 500 ml, and the headspace was gassed with
N2. The culture was diluted at 0.2 h-l with medium in
equilibrium with air. The cell concentration was continually
monitored by circulating the culture through a measuring
chamber with a light-emitting diode-photodiode (8). The
steady-state cell concentration corresponded to about 500 mg
of cell carbon per liter, and the culture supernatant contained
30 puM nitrite and less than 5 puM nitrate. The incoming
medium was designed such that bacterial metabolism caused
the pH of the bioreactor contents to increase to pH 8.5 in the
steady state.
The cells were harvested by centrifugation at 10,000 x g for

10 min, resuspended in the same volume of medium containing
20 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES), 10 mM succinic acid, 20 mM NaOH, and 1 mM
MgCl2 adjusted to pH 7.5 with KOH, and centrifuged again.
The final pellet was resuspended in a small volume of the same
medium and used immediately.

Cell carbon was measured with a total organic carbon
analyzer. Cell concentration was routinely measured by turbi-
dimetry at 550 nm after appropriate dilution, and the apparent
absorbance was converted to milligrams of cell carbon per liter
by using a calibration factor.

Activity measurements. Changes in the concentrations of
dissolved gases were measured by using a quadrupole mass
spectrometer (Dataquad DQ100 [Spectrum Scientific, Run-
corn, United Kingdom] or HAL 100 [Hiden Analytical, War-
rington, United Kingdom]) equipped with a membrane intro-
duction probe manufactured in our workshop. The inlet
consists of a 2-mm-inside-diameter stainless steel tube with
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one end closed and the other connected to the mass spectrom-
eter by a length of flexible vacuum tubing. The walls of the tube
contain several (typically 10) circular holes 0.4 mm in diameter
which are covered by a length of narrow-bore silicon rubber
tubing (Silastic; Dow-Corning) with 1.47-mm inside diameter
and an unstretched wall thickness of 0.25 mm. A 90% response
was typically obtained after 40 s when measurements was
performed at 30°C in water.
The inlet probe was inserted through the stopper of a

Plexiglas reaction vessel (nominal volume, 12 ml) equipped
with a water jacket allowing the temperature to be maintained
at 30°C. The stopper had a central capillary tube connected to
the apex of the conical lower surface and an external screw
thread with a collar allowing its position to be adjusted. This
allowed bubbles of gas to be removed from the cell suspension
and samples to be removed through an injection needle while
the volume of the chamber was simultaneously adjusted to
minimize contact of the contents with atmospheric 02 It also
permitted known volumes of gases to be added by allowing
them to dissolve from a bubble at the end of an injection
needle. The basic design of the inlet probe and reaction vessel
have been described in more detail by Cox (6) and Jensen and
Cox (13).
The mass spectrometer signals at up to 4 m/z values were

captured at 30-s intervals by a desktop computer (Acorn
Archimedes [Acorn, Cambridge, United Kingdom] or IBM-
compatible personal computer), using specially written pro-
grams.

Bacteria were suspended in a reaction medium containing
10 mM succinic acid, 20 mM NaOH, 1 mM MgCl2, and 20 mM
buffer adjusted to the appropriate pH with KOH. Succinate
was used as buffer at pH 5.5, 2-(N-morpholino)ethanesulfonic
acid (MES) was used at pH 6.0 and 6.5, 3-(N-morpholino)pro-
panesulfonic acid (MOPS) was used at pH 7.0, HEPES was
used at pH 7.5, N-tris(hydroxymethyl)methyl-3-aminopropane-
sulfonic acid (TAPS) was used at pH 8.5, and glycine was used
at pH 9.5. Experiments were usually started by adding a small
volume of concentrated cell suspension to air-saturated me-
dium and allowing the bacteria to remove 02 by respiration
before the addition of nitrogenous oxidants.

In experiments in which nitrate or nitrite labeled with "5N
was added as an oxidant, "5N20 was measured at m/z = 46 and
15N2 was measured at m/z = 30 after subtraction of the
calculated signal from the "5N2' fragment from 15N20. In
experiments in which "4N20 was added as an oxidant, con-
sumption of "4N20 was measured at m/z = 30 and the "4N2
produced was measured at m/z = 14 after subtraction of the
calculated signal from the '4N' fragment from 14N20. 02 was
measured at m/z = 32, and CO2 was measured at mlz = 44. All
calibrations were made by using the solubility data given by
Wilhelm et al. (29). The signals due to N2 and 02 were
calibrated with air-saturated buffer at 30°C. Calibration of the
N20 signals and determination of the fraction of the signal
from the molecular ion corresponding to the N2' and N+
peaks were made by measuring the increase in signal at mlz
values of 14, 28, 30, and 44 obtained by dissolving known
volumes of 14N20 gas in degassed buffer at 30°C, using a
gastight syringe.

Nitrate and nitrite in cell suspensions were measured by
using samples (100 ,ul) removed from the reaction vessel,
quenched by dilution into 400 ,ul of ice-cold 10 mM NaOH,
and frozen in liquid nitrogen before storage at -20°C. The
samples were carefully thawed and either passed through a
0.2-jim-pore-size filter or centrifuged at 15,000 x g for 4 min
at 4°C to remove the cells. Nitrate and nitrite were either
determined colorimetrically, using an autoanalyzer in which

part of the sample was reduced on a cadmium column, or by
high-pressure liquid chromatography (HPLC) with direct UV
detection, using 20 mM sodium methanesulfonate as the
eluent and a Wescan Anion/R column (30 by 4.6 mm [inside
diameter]) as the only column (26).
Computer simulation. Simulations were carried out on an

Acorn A5000 desktop computer with a program in structured
BASIC, using the ODEINT routine with variable step-size
fifth-order Runge-Kutta integration as given by Sprott (24).

RESULTS

Simultaneous mass spectrometric measurements of N2,
N20, 02, and CO2. Gas molecules which diffuse into the
vacuum system of a mass spectrometer are broken down into a
characteristic pattern of ions which are then separated accord-
ing to their mass/charge ratio to produce a mass spectrum.
Thus, N20 shows peaks corresponding to N20, the molecular
ion, and also the fragments N2+, NO+, N+, and O+ (5). In
addition to the major ions corresponding to 14N and 160, there
will be smaller peaks corresponding to the natural abundance
of other isotopes of nitrogen and oxygen. The quadrupole mass
spectrometers which we use are incapable of distinguishing
between peaks due to ions with the same integer mlz but
different atomic compositions; therefore, N2+ is not separated
from CO+. The interpretation of spectra corresponding to a
mixture of gases is thus potentially complex because an indi-
vidual peak does not necessarily correspond exclusively to a
particular compound.
The problem of overlapping mass spectra can in principle be

solved by computation by solving a set of simultaneous equa-
tions, as long as the fragmentation patterns for the individual
components are accurately known and there are at leasf as
many peaks as components. However, we have found that the
problems can be considerably reduced if the stable isotope
sN is used. This allows unambiguous determination of "5N20

at mlz = 46, CO2 at m/z = 44, and 02 and mlz = 32. The
only correction needed is for measurement of '5N2 in the
presence of "5N20, in which case the fraction of the signal
at m/z = 46 corresponding to the N2+ peak of 15N20 at m/z =
30 must be subtracted. This is easy to do if the data are
collected by computer and will be a potential source of
significant errors only if N20 is present at higher concentra-
tions than N2.
A further advantage of the use of 15N is that N2 production

due to microbial activity can be observed without any back-
ground due to atmospheric N2. High sensitivity can thus be
obtained without the precautions which would be needed to
avoid atmospheric N2 both in the suspension medium and in
the residual vacuum of the mass spectrometer.
Measurements of carbon dioxide are potentially of great

value as a monitor of substrate metabolism. However, the mass
spectrometer signal is sensitive only to dissolved C02, since
HCO3- cannot diffuse through the membrane. Thus, it is
difficult to measure inorganic carbon at pH values much above
the pK. of about 6.4. At neutral and alkaline pH values, the
signal due to CO2 is also very sensitive to pH, and reliable
measurements are possible only in well-buffered medium. The
mass spectrometer also shows a significant background signal
due to C02, which furthezr limits sensitivity.

Figure 1 shows an ex iple of the results obtained with use
of mass spectrometry to measure dissolved gases in a suspen-
sion of denitrifying bacteria. A washed cell suspension of P.
denitrificans was added to air-saturated buffer at pH 8.5
containing '5N-nitrate in a closed reaction vessel. To provide a
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FIG. 1. Changes in dissolved gases, nitrate, and nitrite in a suspen-

sion of P. denitrificans at pH 8.5. The cell concentration corresponded
to 90 mg of cell carbon per liter. Nitrate and nitrite were determined
by HPLC. The concentration of N20 (not shown) remained less than
3 ,uM N throughout the experiment. All nitrogen compounds are
shown as micromolar N.

complete picture of the progress of the reaction, the ionic
components were determined by HPLC after carefully remov-
ing samples while retaining anoxic conditions in the reaction
vessel.
At pH 8.5, close to the pH in the chemostat during growth,

only a small decrease in nitrate concentration and increase in
nitrite was observed until 02 was consumed. Nitrate consump-
tion started immediately anoxic conditions were attained, while
nitrite increased to a concentration of about 40 ,uM and
remained in a steady state until nitrate was consumed. N2
increased as nitrate fell. N20 concentrations did not rise above
values distinguishable from zero on Fig. 1, where all compo-
nents are shown on the same scale.
The sum of the observed nitrogenous compounds remained

essentially constant throughout the experiment. The small
downward trend is the result of loss of material into the mass
spectrometer vacuum. This is unavoidable when a probe with a
large membrane surface area is used together with a reaction
vessel with a small volume.

Effect of pH on denitrification kinetics under anoxic condi-
tions. We investigated the effects of pH in the range between
5.5 and 9.5 in experiments in which nitrate was added after
anoxic conditions were obtained. At more acidic pH values, the
kinetic patterns observed became more complex than the
simple conversion of nitrate to N2 observed at pH 8.5. The
most extreme pattern was observed at pH 5.5 (Fig. 2). Here the
utilization of nitrogenous substrates was essentially sequential,
and the reaction could be divided into three distinct phases. In
phase I, nitrate was converted to nitrite and a small amount of
N20; this phase ended when nitrate became undetectable. In
phase II, the nitrite which had accumulated in almost stoichio-
metric amounts was converted to N20. Phase II ended when
nitrite was removed. No N2 production was detected until
phase III, when the accumulated N20 was converted to N2.
The rates of change of all components were essentially con-
stant (zero-order kinetics), and there was no evidence for any
limitation by substrate concentrations above values around 10
,uM. We confirmed in separate experiments in the absence of
cells that chemical breakdown of nitrite was not contributing to
its disappearance at pH 5.5.
At pH values above 5.5, the kinetic patterns were interme-

diate between those in Fig. 1 and 2. At pH 6.5, phases I and II

400
N03

300 cells N02 "
+ I ~~~~~N20

20 2

100io/ N2

0 20 40 60 80 100

Time (min)
FIG. 2. Changes in dissolved gases, nitrate, and nitrite in a suspen-

sion of P. denitrificans at pH 5.5. The cell concentration corresponded
to 118 mg of cell carbon per liter. Nitrite and nitrate were determined
by autoanalyzer. All nitrogen compounds are shown as micromolar N.

were combined, and nitrate was converted to N20. There was
no nitrite peak, but a steady-state concentration of around 30
,uM was maintained during phases I and II. As was observed at
pH 5.5, there was a distinguishable phase III in which N20 is
converted to N2.
The patterns of intermediate production observed at pH

values between 5.5 and 8.5 are summarized in Fig. 3. For each

pH 5.5 1

11

III

92 8
NO-3_0 NO2- -+N20
NN2- _ N20 6

N20 -N2

70 30
pH 6.0 N03 _ N02 - N20

71
11 N -2 mO-NII ~~~22 2

III N20 - N2

50 50
pH 6.5 1+11 N03 _ N02 + N20 30

IlI N20 -_ N2

47 47
pH 7.0 1+11 NO3 _ NO-2 N2O

III N20

41 _ 41
pH 7.5 1+11 NO3 _ NO4N2 N2O

IIl N20

6
-* N2
57

N2

18
-* N2
69
_ N2

42 39 19
pH 8.5 NO3 - NO02 - N20 - N2

38 19
11+111 N°2 -N20 -N2

FIG. 3. Scheme showing the rates of different partial reactions
during the conversion of nitrate to N2 at different pH values. The end
of phase I corresponds to the time when all nitrate is removed
(similarly for phase II and nitrite and phase III and N20). The
thickness of the arrows is proportional to the flux of reducing
equivalents, normalized to the total flux during phase I; the numbers
above the arrows show these values as percentages. (To obtain
comparable rates of nitrogen conversion, the values for the conversion
of N20 to N2 should be multiplied by 2.)
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FIG. 4. Effect of pH on the maximum concentrations of interme-

diates observed during the conversion of 300 ,uM nitrate to N2. °,
maximum concentration of nitrite at the end of phase I; steady-state
concentration of nitrite during phase I; maximum concentration of
nitrous oxide at the end of phase II.

phase and pH value, the rate of each partial reaction is given
as a percentage of the total flux of reducing equivalents during
phase I at that pH. Nitrogen conversion rates can be obtained
by multiplying the reductant flux for conversion of N20 to N2
by 2. If the generating reaction has a greater nitrogen conver-

sion rate than the consuming reaction does during a particular
phase, the intermediate will accumulate. Starting from acid pH
values, there is first a clear trend toward decreased accumula-
tion of nitrite during phase I, until phases I and LI are

indistinguishable at pH 6.5. As the pH is further increased, N2
begins to accumulate while nitrate is present, resulting in
decreased accumulation of N20 at the end of phase II. The
maximum concentration of intermediates observed are shown
in Fig. 4.
At pH 8.5, a steady-state concentration of nitrite is rapidly

attained on adding nitrate and remains fairly constant until
nitrate is exhausted (end of phase I). There is thus a short but
distinguishable phase corresponding to a combination of
phases LI and III, when nitrite is converted to N2 without the
accumulation of N20.
The kinetic pattern observed at pH 9.5 resembles that at pH

8.5 except that the steady-state concentration of nitrite ob-
served until the point where nitrate was almost consumed was

higher. This is shown in Fig. 4 as an increase in the maximum
concentration observed after a minimum at neutral pH values;
the cause of this accumulation is obviously qualitatively differ-
ent from the cause of the sharp peaks observed at acid pH
values.
A second series of experiments was performed in which the

reaction was started by adding '5N-nitrite instead of nitrate. At
acid pH values, the expected accumulation of N20 was ob-
served. The rates of the two partial reactions involved are

summarized in Fig. 5.
The observation of high nitrite concentrations in an appar-

ent steady state at high pH values suggests that the affinity of
the cells for nitrite may be quite low under these conditions. At
acid and neutral pH values, the disappearance of nitrite was

zero order until the concentration was under 10 p.M. At pH 7.5
and above, the loss of nitrite and appearance of gaseous
products showed clearly decreasing rates as the nitrite concen-

pH 5.5 11

III

pH 6.0 11

III

100
NO° -

100
N02 -

N20
11

N20 -+ N2

N20
40

N20 -- N2

91 9
pH 6.5 11 NO2 _ N2O

III N20

N2

N2

84 16
pH 7.5 11 NO2- N20 -* N2

2 ~~~~68
111 N20 - N2

69 31
pH 8.5 11 NO2 - N20 - N2

67 33
pH 9.5 11+111 N02O-*, N0 N2

FIG. 5. Scheme showing the rates of different partial reactions
during the conversion of nitrite to N2 at different pH values. The
definitions of phases II and III are the same as for Fig. 3. The thickness
of the arrows is proportional to the flux of the reducing equivalents
normalized to the total flux during phase II; these values are shown
above the arrows as percentages. (To obtain comparable rates of
nitrogen conversion, the values for the conversion of N,O to N2 should
be multiplied by 2.)

tration fell; this effect became much more pronounced as pH
increased. The results at pH 9.5 (not shown) were analyzed by
differentiating the progress curves and fitting the resulting
rate-concentration data to the Michaelis-Menten equation.
The results gave a good fit, with a Kn, value of 28 puM.
The effects of pH on the rates of the three individual

reactions of denitrification are summarized in Fig. 6. The
values correspond to the rates observed in phase I for nitrate
and phase II for nitrite. Rates for N2 production from N20 at
low pH values were obtained from phase III in the experimen-

tal series initiated by addition of nitrate or nitrite. At high pH
values, N2 production was measured in experiments in which
the reaction was started by adding a small volume of N20-
saturated buffer to the bacterial suspension. The values for
nitrate and nitrite are shown both as rates of concentration
change and as rates of reductant consumption, calculated from
knowledge of the products being formed; the two measures are

identical for N20, which has only one possible product. The
rate of oxygen uptake is also shown as rate of reductant
consumption. These results show that the cells have a potential
capacity for reductant generation which is in excess of the
observed rates of utilization of all of the nitrogenous oxidants.
Similar results were obtained from the analysis of CO2 pro-
duction rates at acidic pH values (not shown).

DISCUSSION

The kinetic patterns observed in experiments of the type
reported here depend on the relative activities of the various
enzymes with their own substrates and the possible inhibitory
effects of alternative substrates. Patterns such as those ob-
served at alkaline pH values at which intermediates accumu-

late to lower steady-state values are expected if the Kn, for
intermediates is quite low, the Vmax for intermediates is greater
than for the original substrate, and reductases are not inhibited
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FIG. 6. Effect of pH on the rates of reduction of nitrate, nitrite, and
N20. Rates for nitrate and nitrite are shown both as change in
concentration under zero-order conditions (0, *) and as the equiva-
lent rate of reductant utilization (0, EZ). The scales corresponding to
reductant utilization are multiplied by 5 in the case of nitrate and by 3
in the case of nitrite, so that complete conversion to N, results in two
superimposed values. The dotted line shows the rate of reductant
utilization when 02 was the electron acceptor, before the addition of
nitrate (K).

by the presence of alternative oxidants. Thus, the simple
sequential model suggested by Betlach and Tiedje (3, 27),
which involves only the Ke, values for the nitrogenous oxides
and the VmXa values for the various reductases, could explain
the observed results.

In contrast, a sequential pattern such as that observed at
acidic pH values cannot be explained by a model which does
not consider inhibitory effects of one substrate on the utiliza-
tion of a second. A series of intermediates accumulating to
essentially stoichiometric concentrations will be observed in a
sequential reaction process only if the maximal rate of each
successive reaction is much slower than the preceding one, and
this is clearly not the case here for nitrate and nitrite at acidic
pH values.
The mechanisms involved in interactions between alterna-

tive acceptors in denitrifying P. denitrificans have been inves-
tigated by Alefounder and coworkers (2) and by Kucera and
coworkers (17, 18). Such control phenomena are observed
even at neutral pH values when two nitrogenous acceptors are
added or when °2 is used rather than nitrate, nitrite, or nitrous
oxide. There is some experimental evidence supporting the
idea that control is exerted via the redox level of common

components at the two branch points, ubiquinol/ubiquinone
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I......... - .

0 500 1000 1500 2000

Time (arbitrary units)
FIG. 7. Results of a computer simulation of intermediate forma-

tion during the conversion of nitrate to N2. The model used involved
five two-substrate enzyme reactions (Vmtax and the two Kn, values KD
for the electron donor and KA for the acceptor in parentheses): S->Q
(KD, = 1, KA I = 1, VI = 1); QH2nitrate (KD2 = 1, KA2 = 0.05, V2 =
1); QH2->C.,X (KD3 = 1, KA3 = 1, V3 = 1); cned*nitrite (KD4 = 1, KA4
= 0.05, V4 = 1); and Cred->nitrous oxide (KDS = 1, VAS = 1, V5 = 0.2).
The S concentration was maintained constant at 100, and the sum of
the oxidized and reduced forms of Q and C was maintained at 1.0. The
reaction rate v was calculated by using the expression of Alberty (1): v
= (V [A] [B])/(KA [B] + KD [A] + [A] [B]).

for nitrate reductase versus nitrite and nitrous oxide reductases
and cytochrome c for nitrite versus nitrous oxide reductases.
Kucera et al. (17) observed changes in the redox level of
cytochrome c during the sequential utilization of an added
mixture of nitrite and nitrate, and Alefounder et al. (2)
reported indirect evidence for changes in the ratio between
ubiquinol and ubiquinone measured through the redox level of
b-type cytochromes and quenching of the fluorescence due to
anthryloxyl stearic acid.
The patterns of intermediate accumulation which we ob-

served experimentally can be reproduced by a model (Fig. 7)
which involves a doubly branched electron transport pathway
with five reactions and two branch points with common mobile
electron carriers Q (ubiquinone/ubiquinol) and C (cytochrome
c). The rate of each reaction was assumed to depend on the
concentration of its two substrates, and from several possible
mathematical relationships, we arbitrarily selected the equa-
tion of Alberty (1) for a two-substrate enzyme reaction.
The patterns observed at different pH values can be quali-

tatively simulated by appropriate combinations of the param-
eters. Figure 7 shows a pattern which resembles the experi-
mental results at pH 5.5 (Fig. 1). The simulation also
reproduces the experimentally observed decrease in electron
flux between phase I and phase II (Fig. 3).
The values of most of the parameters in our model are

chosen arbitrarily and have no particular relation to the actual
kinetic constants within the bacterial cell. Our results thus
demonstrate only that it is possible to obtain the observed
patterns with a kinetic model of this type, without the need to
postulate separate allosteric interactions.

Figure 7 also shows the redox level of Q and C predicted by
the model during the course of the process, showing the

O.o
N20 .

!0 ..

APPL. ENVIRON. MICROBIOL.



EFFECT OF pH ON DENITRIFICATION IN P. DENITRIFICANS 541

expected shift in reduction level as the reaction shifts from the
high-affinity branch to the low-affinity branch. The magnitude
of these changes is greater than those observed experimentally
(2, 17). However, the model makes no pretence of being able
to make quantitative predictions of this type.

It is noteworthy that the transient accumulation of nitrous
oxide at low pH values, which seems to be commonly observed
in natural environments, does not necessarily result from
competition for common intermediates. If the maximum rate
of nitrous oxide reduction is less than the rate of nitrite
reduction, then nitrous oxide will accumulate. In this case,
however, the alternative acceptors will be reduced in parallel at
rates which are independent of the presence of competitive
oxidants, as observed, for example, by Betlach and Tiedje (3).
We observed (Fig. 6) that low pH values have a much

greater inhibitory effect on nitrous oxide reduction (phase III)
than on nitrite reduction (phase II). This finding is in agree-
ment with the properties of the purified enzymes (16, 28), as
expected since both enzymes are periplasmic and thus exposed
to the same pH as the environment of intact bacteria.
The experiments reported here demonstrate the value of

mass spectrometry combined with a membrane introduction
probe for measurements of denitrification and related gas
exchange reactions. In combination with a nitrate-sensitive
electrode, the approach would allow all of the intermediates
involved in denitrification except for nitrite to be monitored
continuously. The major potential limitation is the possibility
that the peak at a given m/z value may contain contributions
from more than one molecular species, but we have shown
here how this can be largely eliminated by the use of substrates
containing '5N.
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